Introduction
In addition to its applications in the chemical industry, H 2 is considered to be the major energy carrier of the future, whereas syngas (CO and H 2 ) can be used for chemical, fuel and power production. Although many efforts are directed toward H 2 and syngas production from renewable sources, natural gas is still the main industrial scale raw material [1] . To improve the already existing natural gas-based processes, research is focused on finding solutions for both lower investment costs and the use of an autothermic process. On these bases, an optimum solution for replacing the steam reformers is the catalytic partial oxidation (CPO) of methane, a mild exothermic process that operates at short contact times [2, 3] . For instance, small reactors with fast startups and shutdowns can be used for the small-scale production of H 2 [4] . Moreover, the H 2 /CO molar ratio obtained is around 2, suitable for hydrocarbon synthesis by FischereTropsch reaction in gas to liquid processes [5] . Nevertheless, there are some constraints to the application of this process: the reaction temperature may be difficult to control due to the formation of hot spots, resulting in effects on process safety and catalyst deactivation. Thus catalysts must be chemically and mechanically stable at high gas-hourly space velocity (GHSV) values and prevent the formation of hot spots. Rh catalysts are very active in the CPO of methane [2, 3] ; however, the reduced availability and high cost of Rh could make it unsuitable for widespread commercial applications. Ru is less expensive than Rh and is active in the conversion of CH 4 , not only by partial oxidation [2, 3] but also in dry and steam reforming reactions [6, 7] as well as in combined drypartial oxidation processes [8] . Moreover, Ru reduces the deactivation by carbon deposition [9] . For application in the partial oxidation of methane, Ru was deposited by the conventional impregnation procedure on Al 2 O 3 [10, 11] , TiO 2 [12e14], SiO 2 [15, 16] , ZrO 2 modified with TiO 2 [17] , Nb 2 O 5 eZrO 2 , Ta 2 O 5 eZrO 2 [18] and Y 2 O 3 [19] . Catalysts were used in both pelletized and structured forms, such as membrane reactors [20] and monoliths [21] . Polycrystalline Rusupported metal nanoparticles have a high relative chemical activity, being easily oxidized and reduced [22] . In the CPO process it has been observed that the oxidation state and, therefore, the activity and selectivity depend on both the reaction conditions and the nature of the support [10, 14, 23] . For instance, Ru on SiO 2 deactivates very rapidly, and Ru/Al 2 O 3 has good activity and selectivity, while the mixture CeO 2 eZrO 2 leads to low selectivity toward partial oxidation products [24] . On the other hand, Ru/TiO 2 catalysts show high selectivity to syngas since the interaction between Ru and TiO 2 prevents the oxidation of Ru during reaction [12e14] . The easy oxidation of Ru metal in comparison to Rh when supported on Al 2 O 3 [11] and SiO 2 [16] is due to the greater MeO bond strength of the RueO bond compared with the RheO one. The formation of RuO 2 decreases the activity toward CPO, thus fostering the total oxidation. Moreover, at high temperatures volatile RuO 4 species may be formed [25] , yielding to further catalyst deactivation [24] .
Several studies have been devoted to increasing the activity and stability of Ru catalysts. A Ru/Al 2 O 3 catalyst was prepared by deposition of colloidal Ru particles [23] and microemulsion [21] , while the support was modified by doping with Ce [26] . Furthermore, to stabilize Ru at high temperature, bulk catalysts were used. In the early 1990s Ashcroft et al. reported that bulk ruthenate pyrochlores were active in the CPO, but they were not stable under CPO conditions [27, 28] . Recently the stability of Ru in the pyrochlore structure was improved by partially substituting the Ru metal in the structure of lanthanumestrontiumezirconate, and catalysts were tested in the CPO of diesel surrogate [29] and CO 2 reforming [30] . Ru-substituted hexa-aluminates prevent the volatilization of Ru after calcination at high temperatures and reaction conditions by means of the strong interaction between Ru and the base oxide [31, 32] . Lastly, bulk Ru catalysts obtained from hydrotalcite-type compounds have been used in the CPO [33, 34] and dry reforming [35] [34] . The A nÀ anions in the interlayer region are usually carbonates, but silicates may also be intercalated to improve the mechanical stability of the final catalysts [37] . The advantage of using HT as precursors for CPO catalysts lies in the fact that their thermal activation leads to mixed oxides, with a relatively large specific surface area, high thermal stability, and dispersion of the active species [37] . Moreover, the metal-support interaction is stronger than in catalysts obtained by the usual impregnation or deposition methods. However, the amount of available active species may be lower than the actual metal loading, because some of them may be "trapped" inside the bulk of the solid. Takehira and coworkers have reported the incorporation of noble metals in mixed oxides obtained by calcination of HT compounds by the so-called memory effect [38, 39] . The aim of this work was to develop stable and active catalysts operating in the CPO both at high and low temperatures. Thus HT-derived Ru catalysts were synthesized to study the effect of Ru loading, oxide matrix composition, and preparation procedure on the chemicalephysical properties and performances of catalysts. Low loaded bulk and supported catalysts were prepared both to reduce the cost of the catalyst and to stabilize the Ru in the oxidic matrix, while avoiding the segregation of RuO 2 . Bulk catalysts were prepared by the conventional method involving coprecipitation of the HT precursor followed by calcination. Ru/Mg/Al-HT precursors containing carbonates or silicates in the interlayer region were synthesized to improve both the catalytic performances and the mechanical stability. Lastly, impregnated catalysts were also prepared to increase the amount of Ru on the surface. The incipient wetness impregnation was performed on supports derived from Mg/AleCO 3 HT precursors calcined at 900 C, in order to decrease the tendency of the structure to reconstruct. For comparison purposes a conventional supported a Ru/g-Al 2 O 3 catalyst was evaluated. The activity of catalysts was studied not only by feeding diluted gas mixtures, as in the case of most of the above-mentioned works, but also with concentrated gas mixtures to evaluate the stability of the samples. 
Materials and methods

Catalytic tests
Catalytic tests were carried out in a quartz reactor (i.d. 8 mm) filled with 0.5 g of catalyst. The pellet particle size was between 0.60 and 0.42 mm to avoid pressure drop, giving a bed length of approximately 2 cm. The reactor was inserted into an electric oven. The gas-phase temperature was measured by a chromel-alumel thermocouple sliding on a quartz wire inside the catalyst bed. The catalytic tests aimed to study the sample activity and stability toward deactivation by sintering, oxidation, and coke formation. The partial oxidation reaction was carried out at 500 C and 750 C oven temperature and several gas mixtures were fed into the reactor for different contact times: CH 4 
Reaction conditions were set for 2 h and the values here reported were the average of the obtained values.
The catalyst displaying the best catalytic performance in the above-reported tests was subjected to long-term experiments. Catalytic tests were performed for a short contact time (5 ms), by loading 0.1 g of catalyst into the quartz reactor. The following reaction conditions were set:
and 2/1/40 v/v.
Characterization of the catalysts
Powder X-Ray Diffraction (PXRD) analyses were carried out using a Philips PW1050/81 diffractometer equipped with a graphite monochromator and controlled by a PW1710 unit (CuKa-Ni filtered, l ¼ 0,15418 nm). A 2q range from 5 to 80
was investigated at a scanning rate of 70 h
À1
. Specific surface area and pore volume measurements were done using a Micromeritics ASAP 2020 instrument. Samples were previously degassed under vacuum by heating at 250 C for 30 min before the N 2 adsorption. The characteristics of metallic particles were determined by Cyclohexane Dehydrogenation (CHD) test reaction, Transmission Electron Microscopy (TEM), Temperature-Programmed Reduction (TPR), and X-Ray Photoelectron Spectroscopy (XPS), and the quantification of the carbonaceous deposits by Temperature-Programmed Oxidation (TPO) using thermogravimetric analysis (TGA).
The CHD test reaction of the metallic phase was carried out in a differential flow reactor with a 26H 2 /CH molar ratio. The reaction temperature was 400 C. Samples were previously reduced at 750 C for 12 h. Reaction products were analyzed by gas chromatography with a FID detector. Temperature-programmed reduction (TPR) experiments were carried out in a quartz flow reactor. Samples (0.300 g) were heated at 6 C min À1 from room temperature (r.t.) up to 950 C. The reduction mixture H 2 (5% (v/v)/N 2 ) was fed to the reactor with a flow rate of 10 mL min
. Transmission electron micrographs of reduced and used Ru containing catalysts were taken by using a JEOL 100CX microscope with a nominal resolution of 6 A, operated with an acceleration voltage of 100 KV, and magnification ranges of 80,000Â and 100,000Â. Samples were introduced into the microscope column; for each catalyst, a significant number of Ru
particles were observed and the distribution curves of particle sizes plotted.
XPS measurements were carried out in a Specs spectrometer, which operates with an energy power of 50 eV (radiation Mg Ka, hn ¼ 1253.6 eV at high binding energy). The pressure of the analysis chamber was kept at 4.10 À10 torr. Samples were previously reduced under similar reaction conditions as those of the catalytic reactor and then introduced into the analysis chamber and reduced "in situ" with H 2 at 300 C for 1 h to clean the catalyst surfaces. Spectral regions corresponding to C1s, O1s, Mg2s, Al2p, Ru3d, and Ru3p core levels were recorded for each sample. Ru3d and C1s peaks overlapped at 284 eV, and the binding energies (B.E.) were referred to the C1s peak. The C1s peak was subtracted from the original spectrum. Peak areas were estimated by fitting the experimental results with LorentzianeGaussian curves by using the CASA XPS software. XPS quantification in terms of peak intensity is performed by assigning quantification regions. The relative sensitivity factor, labeled RSF, for the peak intensity is applied. Finally, %Atomic Concentrations were obtained for each region.
To quantify carbonaceous deposits, the profiles of temperature-programmed oxidation (TPO) in catalysts before and after the CPO reaction were determined by using the thermogravimetric analysis (TGA) technique. Experiments were carried out on the SDTA Mettler STAR e . Fresh (used as a reference) and used catalysts were stabilized under N 2 flow at 250 C for 1 h before starting the TPO experiments. Samples (0.010 g) were heated at 5 C min À1 from 250 C to 900 C under air flow.
3.
Results and discussion
Characterization of the HT precursors and catalysts
X-ray diffractograms of HT-precursors, bulk and supported 0.25 wt.% Ru catalysts are shown in Fig. 1(a) and (b) . The diffraction patterns of HT precursors containing carbonates (b-HT-CO 3 ) show characteristic lines of a hydrotalcite structure [36] . After calcination at 900 C ( Fig.1(a) i n t e r n a t i o n a l j o u r n a l o f h y d r o g e n e n e r g y 3 8 ( 2 0 1 3 ) 1 5 1 2 8 e1 5 1 3 9
loading, b-Ru(0.50)-exHT-sil ( Fig. 1(b) ), ascribed to the (110) line of the RuO 2 tetragonal rutile phase. Ru atoms may be distributed in the MgO-type phase and segregated RuO 2 [33] ; thus it appears that the presence of silicates alters the distribution Ru species with respect to the samples obtained from b-HT-CO 3 .
With regard to the preparation method, the XRD pattern of the supported i-Ru(0.25)/exHT-CO 3 catalyst is quite similar to the pattern of the corresponding b-Ru(0.25)-exHT-CO 3 bulk catalyst ( Fig. 1(a) ). However, it is worth noting that during the incipient wetness impregnation some structural changes occur. After drying the impregnated sample (i-Ru(0.25)/exHT-CO 3 IWI, Fig. 1(a) ), peaks due to the spinel phase remain almost constant, whereas MgO peaks decrease; furthermore, Mg(OH) 2 and HT structures are formed. Therefore, the reconstruction of hydroxides occurred, despite the high calcination temperature of the HT precursor (900 C) [41] . In Fig. 1(c ). This may be due to both the reconstruction during impregnation and the softer thermal treatment after impregnation (500 C vs 900 C).
Mg/Al ratio values on the catalyst surface were estimated from XPS analysis on 0.25 wt.% Ru-loaded samples ( Table 2) . The Mg/Al ratio obtained for the b-Ru(0.25)-exHT-CO 3 sample is close to the expected bulk catalyst composition. Conversely, the value decreases when silicates are introduced in the structure of the catalysts or for the supported sample. Fig. 2 shows TPR profiles of bulk and supported catalysts. The reduction profile of Ru(0.25)/Al 2 O 3 ( Fig. 2(a) ) is similar to those reported in the literature [42, 43] . It is made of two relatively sharp peaks with maximum at 210 C and 250 C, and a broad low-intensity high-temperature reduction band at 400 C. The low temperature reduction peaks may be attributed to the reduction of well-dispersed RuO x and bulk RuO 2 species [42] . The broad band may be assigned to the reduction of oxidized Ru species interacting strongly with Al 2 O 3 [43] . TPR profiles of HT-derived catalysts slightly depend on the Ru loading and oxidic matrix composition. Both for bulk and supported 0. (Fig. 2(b) ). Thus it could be stated that in 0.25 wt.% loaded catalysts only a small amount of ruthenium is segregated as RuO 2 , which is not detected by XRD, whereas most of the oxidized ruthenium species are well-stabilized in the catalyst matrix. Similar reduction peaks have been reported in literature for Ru/MgOeAl 2 O 3 catalysts, attributed to the reduction of strongly interacting RuO 2 species formed at the interface between the metal and the support [7] . The high reduction temperature peak observed in the i-Ru(0.25)/exHT-CO 3 impregnated sample could be explained by the partial reconstruction of HT and Mg(OH) 2 phases during impregnation, while involving the incorporation of ruthenium species in the hydroxides. The peak shifted toward lower temperatures with respect to the bulk catalyst, thus suggesting either a larger metallic particle size or a lower interaction with the support. The latter behavior may be explained by either the lower thermal treatment temperature of the sample after IWI or the different number of Mg-and Al-containing species involved in the structure reconstruction, since both effects modify the phases in which the Ru species may be distributed. In the sample containing silicates (b-Ru(0.25)-exHT-sil) the reduction profile is similar to that described for the b-Ru(0.25)-exHT-CO 3 catalyst, but the main H 2 consumption is recorded at lower temperatures. The formation of the forsterite phase reduces the amount of Mg available for the formation of the MgO phase, wherein ruthenium species may be dispersed, thus reducing their stability. This effect is more notable in 0.50 wt.% loaded catalysts (Fig. 2(b) ). As previously stated, RuO 2 is segregated in both catalysts, but the reduction occurred at a lower temperature in the b-Ru(0.50)-exHT-sil catalyst, thus indicating that a larger amount of Ru species are present as segregated RuO 2 , in agreement with XRD data. Reduced Ru catalysts were characterized by cyclohexane dehydrogenation test reaction (CHD) and XPS analysis. The 
CHD is structure-insensitive and depends on the fraction of exposed active metal: it could therefore be considered an indirect measure of metal dispersion [44, 45] . However, for the HT-derived catalysts, CHD could be considered only as a measure of the exposed Ru metal sites. Apparent activation energy and initial reaction rates (R 0 CH) of CHD are summarized in Table 3 . The initial reaction rate of CHD is slightly higher for the bulk b-Ru(0.25)-exHT-CO 3 than for the impregnated i-Ru(0.25)/exHT-CO 3 catalyst. On the other hand, activation energy values are similar regardless of the preparation method (about 20 kcal/mol). It would appear that the bulk catalyst contains a larger amount of exposed Ru atoms that lead to a faster reaction rate; but the interaction between the active metal and support does not depend on the preparation procedure, because the activation energy is not modified. For the b-Ru(0.25)-exHT-sil catalyst prepared from silicate precursors, the dehydrogenating activity (18 mol/h g catalyst ) is greater, showing a larger amount of exposed Ru atoms than the b-Ru(0.25)-exHT-CO 3 sample. On the other hand, the activation energy of CHD is similar to that of the previously commented catalysts. Lastly, the Ru(0.25)/Al 2 O 3 catalyst, resulting from the segregation of RuO 2 , shows a higher activation energy value and a lower initial reaction rate in CHD than the catalysts prepared from HT compounds.
In order to thoroughly investigate the metallic phase on the catalyst surface, Ru(3d) spectra were obtained by XPS measurements on reduced samples. The XPS spectra obtained in the Ru(3d) region of the catalysts prepared from HT precursors were very similar. They consisted of a doublet with a Ru(3d 5/2 ) BE at about 279.0 eV, which is characteristic of metal Ru(0), and a second doublet attributed to Ru(IV) species at about 284.4 eV [13, 46] . The constraints used in the spectral analysis regarding the ratio between the areas of the Ru(3d 5/2 ) and Ru(3d 3/2 ) peaks and their BE difference give a satisfactory fitting of the signal shape that registered in both doublets. The C1s peak that corresponds to the contamination carbon was subtracted from the original spectrum. The main Ru 3p 3/2 peak at 461.2 eV clearly indicates that most of ruthenium in both catalysts was in a metallic form [13, 14, 47, 48] . Ru 3d 5/2 binding energies and surface atomic ratios Ru/RuO 2 are shown in Table 2 . Ru/RuO 2 ratios are similar in b-Ru(0.25)-exHT-CO 3 and i-Ru(0.25)/exHT-CO 3 catalysts prepared via a carbonate precursor regardless of the synthesis procedure (coprecipitation or impregnation). The surface atomic ratio of the catalyst bRu(0.25)-exHT-sil is higher than those of the above-mentioned catalysts due to the increased amount of Ru 0 present, in agreement with the CHD results. Moreover, the ratio increases for the b-Ru(0.50)-exHT-CO 3 sample (0.67) in comparison to the b-Ru(0.25)-exHT-CO 3 sample (0.52). However it must be noted that the presence of Ru 4þ species may be related to the metallic Ru particles covered by an oxide film. Therefore the differences observed among catalysts may be related to the different degree of oxidation [48] . 
Catalytic activity
The catalytic behavior (CH 4 conversion, selectivity in CO, and H 2 ) of the samples depends on the Ru loading, chemical composition of the support, and preparation procedure. However, the general trend observed with different reaction conditions is similar to those previously reported for Ni and Rh catalysts obtained from HT precursors [37] . The temperature inside the catalyst bed varied depending on the reaction conditions, while the temperature at the outlet of the catalytic bed (T out ) and the maximum temperature (T max ) were recorded for every catalyst. In Table 4 , the temperatures measured for b-Ru(0.25)-exHT-CO 3 catalyst are summarized as an example. At first, both the effect of Ru-loading and the nature of HT precursor (b-HT-CO 3 and b-HT-sil) on the activity and stability of the catalysts were studied. Figs. 3 and 4 summarize the most significant performances of 0.25 wt.% and 0.50 wt.% Ru loaded bulk catalysts at different reaction conditions (temperature and CH 4 /O 2 /He volume ratios). The initial catalytic test, at an oven temperature of 500 C and while feeding a diluted gas mixture (CH 4 /O 2 /He ¼ 2/1/20 v/v), was used to highlight the different activities in freshly reduced samples ( Fig. 3(a) ). Methane conversion was low (50e60%) and the syngas was rich in H 2 , due to the significant contribution of the water gas shift (WGS) reaction. (Fig. 4) , the performances obtained with b-Ru(0.25)-exHT-CO 3 and b-Ru(0.50)-exHT-CO 3 catalysts were slightly better than those achieved with b-Ru(0.25)-exHT-sil and bRu(0.50)-exHT-sil catalysts. These results confirm that catalysts obtained from b-HT-CO 3 are more active than those prepared from b-HT-sil. Lastly, the stability of catalysts was studied by repeating the initial test after high temperature reaction conditions (Fig. 3(b) ). A loss of activity was observed for both highly loaded catalysts and the b-Ru(0.25)-exHT-sil sample, while the b-Ru(0.25)-exHT-CO 3 catalyst improved its activity with respect to the initial test. The role of the preparation method (coprecipitation or impregnation) and nature of the support (exHT-CO 3 or gAl 2 O 3 ) on the performances of 0.25 wt.% loaded samples was studied in a second step (Figs. 5 and 6 ). In the test at an oven temperature of 500 C and feeding the CH 4 /O 2 /He ¼ 2/1/20 v/v mixture ( Fig. 5(a) ), the impregnation method gave rise, regardless of the support, to freshly reduced i-Ru(0.25)/exHT-CO 3 and Ru(0.25)/Al 2 O 3 catalysts with poorer activity than the Sample -CO 3  540  585  753  769  780  830  815  894  540  582  579  625  546 
b-Ru(0.25)-exHT-CO 3 bulk sample. The differences in the catalytic activity may be due to metal dispersion, the stability of Ru(0) species to oxidation, and carbon deposition. By taking into account the characterization results, the lower activity of the Ru(0.25)/Al 2 O 3 sample supported on g-Al 2 O 3 may be due to both a lower Ru dispersion and the oxidation of the Ru metal [10, 13, 23] ; moreover, the acidity of the support may promote the deactivation by carbon deposition (see below). The catalytic trend of the b-Ru(0.25)-exHT-CO 3 and i-Ru(0.25)/exHT-CO 3 samples obtained from HT precursors does not fit perfectly with the amount of available Ru sites obtained in CHD tests, thus the oxidation of the metallic particles, mainly at the entrance of the catalyst bed, may play a key role in the activity at the low oven temperature [10, 13, 23] . Oxidized catalysts promote total oxidation: in fact the maximum temperature (measured at the inlet of the catalyst bed) is higher for i-Ru(0.25)/exHT-CO 3 and Ru(0.25)/Al 2 O 3 samples (603 and 605 C respectively).
When the oven temperature was raised to 750 C ( Fig. 6(a) ), during the 2/1/20 v/v test, the activity of the iRu(0.25)/exHT-CO 3 catalyst was closer to that of the bRu(0.25)-exHT-CO 3 bulk catalyst. The Ru(0.25)/Al 2 O 3 sample still shows a lower conversion (87%) but the selectivity to H 2 is high (Fig. 6(b) ). By feeding concentrated CH 4 /O 2 /He ¼ 2/1/4 and 2/1/1 v/v gas mixtures, the different performances between bulk and supported catalysts were reduced. The temperature inside the catalyst bed increased (see Table 4 ), thus affecting the catalytic activity. Moreover, the activation of the catalysts may take place due to the reduction of the RuO 2 formed during the tests at low temperature, since the oxidation state of ruthenium depends on the reaction temperature [10, 13, 23] . By repeating the test in the initial condition ( Fig. 5(b) ), Ru(0.25)/Al 2 O 3 deactivated, whereas iRu(0.25)/exHT-CO 3 similarly activated as the bulk b-Ru(0.25)-exHT-CO 3 catalyst. The increase and stabilization of the catalytic activity at high temperature has been reported to be significant for the activity of noble metals at low temperature [50] . repeated test after high temperature reaction conditions.
Lastly, the effect of the contact time on CH 4 conversion and syngas selectivity during tests at 500 C was further studied for 0.25 wt.% loaded catalysts, b-Ru(0.25)-exHT-CO 3 , i-Ru(0.25)/exHT-CO 3 , and Ru(0.25)/Al 2 O 3 (Fig. 7) . The activity was evaluated at 35 ms by feeding the reactor with 2/1/20 and 2/1/40 v/v gas mixtures. When changing from 65 to 35 ms of contact time, CH 4 conversion and selectivity in CO highly increased, whereas smaller differences were found in the selectivity in H 2 . The increase in temperature is responsible for better performances (Table 4) , and is more notable for the Ru(0.25)/Al 2 O 3 catalyst, as previously reported for tests at 750 C. The effect of the heat developed within the bed decreased by increasing the dilution degree (Table 4) . Performances were only slightly higher than in the 2/1/20e5 test at 65 ms and no modifications in the activity order were observed. Therefore, catalytic tests for shorter contact times confirmed the above-reported trend in the activity of the catalysts. 
3.3.
Characterization of used catalysts
To study the deactivation/activation mechanisms taking place with time-on-stream, post-reaction catalysts were characterized. XRD patterns of catalysts obtained from HT-derived catalysts were not modified after the catalytic tests; only small Ru (0) , in agreement with the phase changes observed in the XRD data commented on herein before.
The carbon deposition on the catalyst surface during tests was studied by TPO. The basic character of oxides [36] in HTderived catalysts prepared by coprecipitation or impregnation prevented the carbon formation, since the analysis performed gives a C content below the detection limit. On the other hand, Ru(0.25)/Al 2 O 3 showed a small amount of C (0.15% C). It must be noted that g-Al 2 O 3 has Lewis acidity [51] , so the small amount of carbon may be attributed to the acidity of the support.
The best-performing catalyst, b-Ru(0.25)-exHT-CO 3 , was further analyzed by TEM. Metallic particles of sizes ranging from 2 to 10 nm, with mean particle size of around 4e5 nm, were observed in the reduced fresh sample. The Ru(0) size of the particles was slightly increased after catalytic tests (mean particle size 5.25 nm), thus confirming the good stability of this sample under reaction conditions. However, it should be mentioned that Ru nanoparticles smaller than 2e3 nm may form RuO 2 in ambient conditions [49] ; thus the presence of smaller particles cannot be ruled out.
Taking into account the catalyst characterization before and after the tests may help explain some of the catalytic behaviors. The deactivation of Ru(0.25)/Al 2 O 3 is related to the sintering of support and metallic particles, as well as to carbon formation, as previously reported [10] . With regard to HTderived catalysts, the segregation of RuO 2 and their further sintering or oxidation is responsible for the loss in activity of 0.50 wt.% Ru-loaded and silicate-containing catalysts, bRu(0.50)-exHT-CO 3 , b-Ru(0.25)-exHT-sil, and b-Ru(0.50)-exHTsil. As for the synthesis procedure, the reconstruction of the structure during Ru impregnation led to well dispersed and stable metallic particles in i-Ru(0.25)/exHT-CO 3 catalysts, in spite of the fact that the catalyst is less active than the corresponding b-Ru(0.25)-exHT-CO 3 bulk sample. The activation observed for both catalysts after tests at high temperature could be related to the reduction of RuO 2 species; however, for the i-Ru(0.25)/exHT-CO 3 catalyst, the biggest difference between the initial and final tests under the same conditions suggests a reorganization of the metallic particles. Namely, metallic particles in the initial tests were more easily oxidized than in the final one. Fresh catalysts may be supposed to have smaller particles than the catalysts after high temperature reaction, the latter being more stable against oxidation [6, 23, 52] . This effect is more evident for the impregnated catalysts, because of the lower calcination temperature, which determines the Ru/support interaction and the particle size.
3.4.
Long-term catalytic tests gas mixture and at T oven ¼ 500 C by feeding both concentrated and diluted gas mixtures (CH 4 /O 2 /He ¼ 2/1/4, 2/1/20 and 2/1/ 40 v/v). The effect of shutdown and startup cycles on performances was also studied. CH 4 conversion values are summarized in Fig. 8 .
In the test at 750 C, high CH 4 conversion (93%) and selectivity in H 2 and CO are achieved and remained constant at 7 h of time-on-stream. Then the shutdown and startup were performed in He atmosphere by decreasing the oven temperature to room temperature and raising it to 750 C. After the first shutdown, the initial conversion was approximately 89%, but the catalyst was activated in the first 120 min, reaching a constant value of about 91%. The same behavior was observed after the second shutdown, with a final conversion of 89%. It appears that the shutdown and startup play a key role in the deactivation mechanism.
After the tests at 750 C, the activity of the catalyst was studied at 500 C by feeding 2/1/4, 2/1/20, and 2/1/40 v/v gas mixtures. The catalyst was very active when feeding the 2/1/ 4 v/v reaction mixture, reaching 80% conversion of CH 4 . The heat evolved by exothermic reactions justifies this high activity. However, it appears that both water gas shift and reforming reactions are fostered less under these reaction conditions, since the selectivity to CO (92%) is greater than selectivity to H 2 (88%). The dilution of the mixture reduced the amount of heat generated in the bed, and therefore lowered the CH 4 conversion from 65% to 50% for the 2/1/20 and 2/1/ 40 v/v gas mixtures, respectively. To determine whether the deactivation is due to the shutdown and startup, two further reaction cycles were performed at T oven ¼ 750 C and 500 C for 120 min. Performances remained rather constant at both temperatures; it is possible to observe what was previously mentioned about the activation with time-on-stream during tests at high temperature. The catalyst deactivation is measured by DP values, defined as DP ¼ 100$(X 0 ÀX f )/X 0 , (where X 0 and X f are the initial and the final CH 4 conversions). The DP was greatest (4%) between the 1st and 2nd cycle, and 1.4% between the 2nd and 3rd cycle. The total deactivation in the short contact time was about 10% between the 1st and last cycle. These results suggest that the catalyst is stable during the shutdown and startup, although high temperatures for long reaction times deactivate it slightly.
Conclusions
The activity and stability of Ru-catalysts derived from HT precursors in the CPO of CH 4 depend on the Ru loading (0.5 and 0.25 wt.%), intercalated anions in the HT (carbonates or silicates), and synthesis procedure (coprecipitation or impregnation). The classic coprecipitation method, for the synthesis of Ru/Mg/Al HTs, leads to bulk catalysts in which both the inclusion of silicates in the structure and the increase of the Ru loading (regardless of the anions) foster the segregation of RuO 2 and therefore deactivation after tests at high temperature and 65e55 ms. For low loaded catalysts (0.25 wt.% Ru), the reconstruction of the Mg(OH) 2 and HT structures during impregnation improves the metal-support interaction in comparison to a traditional Ru/g-Al 2 O 3 , but the catalyst is less active than the corresponding bulk sample obtained from Ru/Mg/AleCO 3 . The higher activity and stability of the 0.25 wt.% catalyst derived from Ru/Mg/AleCO 3 during tests at high temperatures and 65e55 ms is due to an enhanced metalesupport interaction, carbon resistance, and thermal stability. However, a slight deactivation is observed when it is tested for a very short contact time (5 ms) at high temperature.
